INTRODUCTION
1 signal transduction, but also developing new therapeutics for the treatment of human diseases. Structural studies of GPCR remain challenging and intractable due to the lack of a naturally abundant source of protein, the conformational heterogeneity in solutions, and the relatively small structured polar surface available for forming crystal lattice contacts. The first GPCR structure is the crystal structure of bovine rhodopsin in complex with 11-cis-retinal solved by Palczewski and colleagues in 2000 (Palczewski et al., 2000) . After seven-year extensive research and technology development, the high-resolution structure of the human β 2 -adrenergic receptor (β 2 AR) -the first structure of a GPCR bound to a diffusible ligand was obtained . Then, the first active-state GPCR structure of ligand free rhodopsin (opsin) was followed in 2008 . In the past few years, with many technology breakthroughs in membrane protein engineering and crystallography (Caffrey, 2011; Chae et al., 2010; Rosenbaum et al., 2007) , GPCR structure determination has experienced an exponential growth trend. To date, over 100 structures of 28 different class A GPCRs and 5 structures of the transmembrane domain of receptors from classes B, C and F have been determined in complex with ligands of varied pharmacology. These structures shed unprecedented light on structural similarity and diversity of the GPCR superfamily, and molecular basis of GPCR ligand recognition, activation, allosteric modulation and dimerization. In this review, we will focus on how the recent structural and biophysical insights contribute to our understanding of GPCR structure-function relationship. We also outline open challenges in GPCR structural studies and discuss new exciting directions for GPCR research to get a comprehensive understanding of biological and therapeutic mechanisms of the GPCR superfamily.
SOLVED GPCR STRUCTURES
So far, a total of 127 GPCR structures (Table1) have been solved for the following class A GPCRs: rhodopsin (bovine rhodopsin and squid rhodopsin) (Caffrey, 2011; Kang et al., 2015; Palczewski et al., 2000; Park et al., 2008; Szczepek et al., 2014) ; eight aminergic receptors, including β 2 -adrenergic receptor (β 2 AR) Rasmussen et al., 2007; 2011; Rosenbaum et al., 2007; 2011) , β 1 -adrenergic receptor (β 1 AR) Warne et al., 2012) , H1 histamine receptor (H1R) (Shimamura et al., 2011) , D3 dopamine receptor (D3R) , 5-hydroxytryptamine receptors (5-HT 1B and 5-HT 2B ) Wang et al., 2013a) and muscarinic acetylcholine receptors (M2R and M3R) (Haga et al., 2012; Kruse et al., 2012) ; three nucleoside receptors, including A 2A adenosine receptor (A 2A AR) (Jaakola et al., 2008; Lebon et al., 2011; Xu et al., 2011) , P2Y 1 purinergic receptor (P2Y 1 R) (Zhang et al., 2015a) and P2Y 12 purinergic receptor (P2Y 12 R) (Zhang et al., 2014a; 2014b) ; ten peptide receptors, including chemokine receptors CXCR4 and CCR5 (Tan et al., 2013; Wu et al., 2010) , κ-opioid receptor (κ-OR) , μ-opioid receptor (μ-OR) ), δ-opioid receptor (δ-OR) , nociceptin/orphanin FQ peptide receptor (NOP) , neurotensin receptor 1 (NTSR1) (White et al., 2012) , angiotensin II type 1 receptor (AT1R) (Zhang et al., 2015b) , orexin type 2 receptor (OX2R) (Yin et al., 2015) , and protease-activated receptor 1 (PAR1) ; and three lipid-activated GPCRs, including sphingosine-1-phosphate receptor 1 (S1P 1 ) (Hanson et al., 2012) , free fatty acid receptor 1 (FFAR1) (Srivastava et al., 2014) and lysophosphatidic acid receptor 1 (LPA 1 ) (Chrencik et al., 2015) . Five structures of 7TM domain of the members from classes B, C and F GPCRs, including corticotropin releasing factor receptor 1 (CRF1R) (Hollenstein et al., 2013) , glucagon receptor (GCGR) , metabotropic glutamate type 1 receptor (mGluR1) , metabotropic glutamate type 5 receptor (mGluR5) (Dore et al., 2014) , and smoothened receptor (SMO) (Wang et al., 2013b) .
STRUCTURAL CHARACTERISTICS OF GPCRS
GPCRs share a common structural architecture of 7TM helical bundle connected by three extracellular loops (ECL1-3) and three intracellular loops (ICL1-3). The N-terminus of GPCR is at the extracellular side, and the C-terminus locates intracellularly. The N-terminus and the extracellular loops are responsible for recognizing a vast variety of ligands and modulating ligand access. The 7TM bundle region forms the structural core, binding ligands and transducing extracellular signals to the intracellular region through conformational changes. The intracellular (IC) parts interact with cytosolic G-proteins, arrestins, G proteincoupled receptor kinases (GRKs) and other downstream sig- (Ballesteros and Weinstein, 1995) ] motif in helix III, which often forms a so-called "ionic lock" by making a salt bridge with D/E 6.30 in helix VI, for example, in the rhodopsin structure (Palczewski et al., 2000) . The ionic lock was suggested as a characteristic of the inactive conformation of GPCRs, blocking the G-protein binding at the cytoplasmic region (discussed in the following part). The W 6.48 xP motif in helix VI is also considered as one of the microswitches that have substantially different conformations in the active state versus the inactive state of the receptor. Another conserved motif is the NP 7.50 xxY motif in helix VII, which also plays an important role in GPCR activation (discussed in the following part). In addition to the above conserved motifs in the transmembrane domain, the extracellular loop regions in the GPCR structures also show some similarities. A highly conserved disulfide bond between the residue Cys 3.25 at the extracellular tip of helix III and a cysteine residue in ECL2 was observed in most of the GPCR structures, except for the structure of P2Y 12 R bound to the antagonist AZD1283 (Zhang et al., 2014b) . This disulfide bond plays an important role in stabilizing the conformation of the extracellular region and shapes the entrance to the ligand-binding pocket. The conformation of the intracellular region of GPCRs is relatively conserved, which may correlate with the limited types of downstream binding partners. In most of the solved GPCR structures, the Cterminus contains a 3-4 turn α-helix, helix VIII, that runs parallel to the membrane and is characterized by a common [F(RK)xx(FL)xxx] amphiphilic motif.
Although all the known GPCR structures are characterized by a similar 7TM topology, remarkable structural diversity was observed, especially in the dynamic extracellular loop region. This region presents a diverse repertoire of secondary structures in different GPCR structures. The largest extracellular loop, ECL2, structurally differs between receptors, but its conformation is likely to be conserved in a subfamily-specific manner. For example, ECL2 exhibits an α-helical structure in adrenergic receptor structures, and a hairpin structure in all the peptide receptor structures. In contrast to ECL2, ECL1 and ECL3 are relatively short and tend to lack distinct secondary structural elements. Besides the structural differences in the extracellular region, striking diversities were also observed in the 7TM helical bundle. The seven α-helices display different tilts and rotations in various GPCR structures, which make the ligand-binding pockets of the receptors differ dramatically in size and shape (discussed in the following part).
LIGAND-BINDING MODES OF GPCRS
In the known GPCR structures, ligands usually bind to the canonical 7TM helical bundle. However, size, shape and electrostatic properties of the ligand-binding pockets are dramatically distinct between different receptors (Fig. 1) . In the structure of the class C GPCR, mGluR5, the negative allosteric modulator mavoglurant penetrates into the 7TM bundle of the receptor, locating much deeper compared to the ligands in the other GPCR structures. The ligand-binding sites in the CRF1R and mGluR1 structures are closer to the extracellular surface than that in mGluR5, but deeper than in the class A GPCRs and SMO. In the SMO structure, the ligand LY294068 occupies a long and narrow binding pocket, which is connected to the extracellular aqueous environment though a small opening formed by ECL2 and ECL3 . Remarkable differences were also found in the ligand-binding pockets of class A GPCRs. The ligands of peptide receptors, such as chemokine receptors and opioid receptors, bind to cavities that are shallower and more open compared to the ligand-binding pockets of the receptors with endogenous small-molecule ligands, such as aminergic receptors. This may correlate with the fact that peptides are much larger molecules that need more binding space than the small molecules and can not enter deeply into the 7TM bundle like the small-molecule ligands.
Despite of the high overall structural similarity, ligand-binding modes can be distinct between receptors in the same subfamily (Fig. 2) . The structures of purinergic receptors P2Y 1 R and P2Y 12 R reveal very different features in binding their nucleotide-like ligands, although these two receptors recognize the same endogenous ligand ADP. The ligand-binding sites for the nucleotide-like antagonist MRS2500 in P2Y 1 R and the nucleotide agonist 2MeSADP in P2Y 12 R are spatially distinct with only a minor overlap. In the P2Y 1 R structure, the adenine group of MRS2500 is closed to helices VI and VII, whereas the adenine ring of 2MeSADP reaches deep into the binding pocket and interacts with helices III and IV in the P2Y 12 R structure (Zhang et al., 2014b; 2015a) . In the structures of chemokine receptors CXCR4 and CCR5, the ligand-binding modes are distinct as well. The antagonist IT1t in the CXCR4 structure occupies part of the binding pocket formed by helices I, II, III and VII and ECL2, while in the CCR5 structure, the ligand maraviroc locates in a deeper binding site and occupies a larger area of the pocket defined by residues from helices I, II, III, V, VI and VII, making no contacts with the extracellular loops (Tan et al., 2013; Wu et al., 2010) . These findings highlight the diversity of GPCR ligand-binding mode. Additionally, there are differences on the approach routes that GPCR ligands enter the binding pockets. In most of the GPCR structures, there is a large extracellular vestibule as part of an extended hydrophilic channel to the orthosteric binding pocket where the ligands gain access into the binding pockets. However, in the lipid-activated GPCRs, such as S1P 1 and FFAR1, receptor's N-terminus or extracellular loops form a cap-like structure over the ligand-binding pocket, blocking the entrance to the ligand-binding cavity through the extracellular region of the receptor (Hanson et al., 2012; Srivastava et al., 2014) . The ligands of these receptors are highly lipophilic and bind to the receptors mainly through hydrophobic interactions. This ligand-binding mode and the hydrophobic nature of the ligands suggest that these ligands most likely gain access into the binding pockets through the lipid bilayer. A similar approach route of ligand was proposed in the structure of P2Y 1 R bound to the non-nucleotide antagonist BPTU. In this structure, BPTU binds to a shallow and highly hydrophobic pocket on the external receptor interface with the lipid bilayer. This is the first structurally characterized selective GPCR ligand located entirely outside of the 7TM helical bundle (Zhang et al., 2015a) .
GPCR ACTIVATION
It is widely believed that there is an equilibrium between two conformations of GPCR, the inactive state (R) and the active state (R*). In the absence of ligands, the receptor activity is in basal level. The efficacy of ligands reflects their ability to alter the equilibrium between the inactive state and the active state. Full agonists preferentially bind to and stabilize the active conformation, and shift the equilibrium to R*, while inverse agonists stabilize the inactive conformation, and shift the equilibrium to R. Partial agonists have some affinity for both R and R*, and are therefore less effective in shifting the equilibrium towards R* (Kobilka and Deupi, 2007) .
To date, the structures of several different GPCRs, rhodopsin, β 1 AR, β 2 AR, A 2A AR, M2R, P2Y 12 R and μ-OR, have been determined in both antagonist-bound and agonist-bound states (Haga et al., 2012; Huang et al., 2013; Jaakola et al., 2008; Kang et al., 2015; Lebon et al., 2011; Manglik et al., 2012; Palczewski et al., 2000; Park et al., 2008; Rosenbaum et al., 2007; Xu et al., 2011; Zhang et al., 2014a; 2014b) . These structures provide insights into the molecular mechanisms about how the ligands bind at the extracellular side of the receptors and trigger conformational changes in the receptors' 7TM domains, where G-protein and other effectors bind and initiate a series of downstream signaling pathways. In spite of the remarkable diversity of ligands and ligandbinding sites of GPCRs, the receptors share similar activation mechanisms. Some conserved motifs in GPCRs are defined as molecular micro-switches, which are believed to be important in the regulation of receptor activation and signaling, acting as switches between inactive states and active states (Nygaard et al., 2009 Y motif interacts with E 6.30 in helix VI to form the ionic lock, which is broken in the active structures Xu et al., 2011 xP motif is classified as a rotamer toggle switch. As seen in the rhodopsin and A 2A AR structures, a conformational change of the side chain of W 6.48 is induced by interacting with agonists, leading to a movement of helix VI, which is considered as a major liganddependent trigger in GPCR activation Xu et al., 2011) . Additionally, the NP 7.50 xxY motif was also proposed as one of the important micro-switches. In the structure of ligand-free opsin, the Y 7.53 residue rotates to face into the helical bundle, blocking helix VI from moving back towards helix III to adopt the inactive conformation .
Multiple biochemical and biophysical studies indicate that receptor activation is associated with a relatively large-scale rearrangement of the transmembrane helices, leading to different receptor conformations and differential effects on downstream signaling proteins (Kobilka, 2007; Nygaard et al., 2009) . Such conformational changes have been observed in the structures of several different GPCRs, such as rhodopsin, A 2A AR, β 2 AR and β 1 AR Park et al., 2008; Xu et al., 2011) . The helical rearrangements include an outward movement of helices V and VI and an inward motion of helix VII, leading to an opening of the helical bundle at the cytoplasmic side, which facilitates the G-protein coupling and subsequent activation (Fig. 3A) . However, in the P2Y 12 R structures, remarkable conformational changes occur in the extracellular part. Compared with the antagonist-bound P2Y 12 R structure, the extracellular tips of helices VI and VII in the agonist-bound structure shift 5-10 Å towards the central axis of the 7TM helical bundle (Fig. 3B) . This finding suggests that not only the intracellular parts but also the extracellular parts of GPCRs play critical roles in receptor activation.
Upon activation, GPCRs couple to G protein, changing GDP that binds to G protein to GTP. The active GPCRs can also interact with GRKs, which phosphorylate GPCRs to trigger a high affinity binding to arrestins. This blocks the interaction between the receptors and G protein, turning off G-protein signaling, and leads to GPCR desensitization (Nygaard et al., 2009) . The complex structures of β 2 AR bound to Gs protein (β 2 AR-Gs) , bovine rhodopsin in complex with a G-protein peptide (rhodopsin-GαCT) and human rhodopsin bound to a pre-activated mouse visual arrestin (Kang et al., 2015) provide molecular basis of GPCR signaling. In the structures of β 2 AR-Gs and rhodopsin-GαCT, the C-terminus of Gα inserts into the intracellular side of the receptor's 7TM helical bundle, leading to the rearrangement of helices V, VI and VII. The rhodopsin-arrestin structure shows a large rhodopsin-arrestin interface formed by ICL1, N-terminus of helix VIII and the C-terminal region of helix VII. These structures provide insights into the interactions between GPCRs and G-proteins, as well as arrestins. However, more complex structures between different GPCRs and various G proteins, arrestins, as well as GRKs are desperately needed for better understanding the molecular mechanisms of GPCR signaling transduction.
ALLOSTERIC MODULATION
GPCRs can not only recognize orthosteric ligands but also are affected by a variety of endogenous allosteric modulators, including lipids, ions, waters and sterols (Chini and Parenti, 2009) . These modulators regulate receptor function by binding to alternative regions in the receptors, allosteric binding sites, instead of the conventional orthosteric binding sites. In recent years, there has been increasing therapeutic interest in ligands that bind to the allosteric sites of GPCRs. Allosteric ligands can potentially be more selective than the orthosteric ligands because of their little conserved inherent activity, making them highly beneficial therapeutic candidates with less adverse effects from overdose. Allosteric ligands have been identified for many GPCRs, such as adenosine receptors, histamine receptors, dopamine receptors, serotonin receptors, muscarinic receptors, chemokine receptors and class C GPCRs. The previously solved GPCR structures reveal various allosteric binding sites within the 7TM helical bundle (in CCR5, mGluR1 and mGluR5) (Dore et al., 2014; Tan et al., 2013; Wu et al., 2014) , in the extracellular region of the receptor (in M2R) (Haga et al., 2012) , or on the external lipidic interface of the transmembrane domain (in P2Y 1 R) (Zhang et al., 2015a) .
The GPCR structures deepen our understanding about GPCR allosteric modulation, and open the door to high selective and novel therapeutic agents for the treatment of multiple human disorders. The A 2A AR structure suggests that sodium ion may act as an allosteric modulator to alter the dynamics and activation profiles of GPCRs (Gutierrez-de-Teran et al., 2013) . In the β 2 AR structure, the specific cholesterol binding modulates receptor thermostability and binding affinity for inverse agonists . The CCR5 structure demonstrates that the allosteric inverse agonist maraviroc inhibits receptor function by stabilizing the receptor in an inactive conformation (Tan et al., 2013) . The unique allosteric binding site of the P2Y 1 R antagonist BPTU on the external receptor surface broaden the new scope of future GPCR ligand discovery outside of the canonical orthosteric ligand-binding pocket (Zhang et al., 2015a) .
GPCR DIMERIZATION
A growing body of biochemical and biophysical evidence indicates that many GPCRs can form homo-or hetero-dimers or larger oligomers (Lee et al., 2003) . These dimers and oligomers have been proposed to be important for modulation of GPCR signal transduction and mediation of crosstalk between GPCR pathways (Lohse, 2010; Milligan, 2009; Pin et al., 2004) .
Parallel dimers with substantial receptor-receptor interfaces have been observed in the structures of some GPCRs, including β 2 AR, CXCR4, κ-OR, μ-OR and mGluR1 Rasmussen et al., 2007; Wu et al., 2010; . In the rhodopsin and κ-OR structures, a parallel receptor dimer is formed via helices I, II and VIII. In the CXCR4 and μ-OR structures, a parallel, symmetric dimer is formed via helices V and VI. A receptor dimer mediated by interactions between receptor's helix I and cholesterol molecules was observed in the 7TM domain structure of mGluR1. In the β 2 AR structure, the dimer is mediated by ordered lipids consisting of two cholesterol molecules and two palmitic acid molecules in the C-terminal region of the receptor. Although the above structural information provides insights into the GPCR dimerization, whether the dimerization is necessary for signal transduction and how do the dimers function in physiological state are still unclear. More structural evidence of GPCR dimerization is needed to elucidate what is likely to be a common underlying mechanism for GPCR dimerization. 
CONCLUSION
Recent tremendous breakthroughs in GPCR structural studies provide us opportunities to learn the structural features of GPCRs and the molecular mechanisms of various GPCR physiological behaviors, such as ligand recognition, receptor activation, allosteric modulation and dimerization, etc. However, the current structural information is far away from enough to understand all the biological functions of GPCRs. More structures from different receptor sub-families, such as adhesion receptors, olfactory receptors and many orphan receptors, are essential to fully understand the ligand-binding landscape of the GPCR superfamily. Although several transmembrane domain structures of classes B, C and F receptors have been solved, the full-length structures of non-rhodopsin family GPCRs are necessitous to reveal the mechanisms of receptor activation for these specific families. Determining the complex structures of GPCRs coupling to the intracellular signaling effectors is still considered as one of the major tasks of the GPCR structural studies, but remains extremely challenging. Additionally, the structures of GPCR homo-or heterodimers are key for understanding how GPCRs regulate the cell signaling by changing their stoichiometry. The medicinal importance of GPCRs is beyond doubt. Obtaining GPCR structures will immensely facilitate structure-based drug discovery and certainly open up further therapeutic opportunities for many severe diseases.
